Running head: Solution SAXS over a wide temperature range ABSTRACT The mean-square radii of gyration <S 2 > of two polystyrene (PS) samples with weight-average molar masses M w of 2.18  10 4 and 3.88  10 4 in toluene and 2butanone and of a cyclic amylose tris(phenylcarbamate) (cATPC) with a M w of 4.73  10 4 in tetrahydrofuran were determined by synchrotron radiation smallangle X-ray scattering measurements over a wide range of temperatures from −77 C to 70 C. Both PS and cATPC are sufficiently soluble to enable SAXS measurements even at −77 C in the solvents used. The <S 2 > of cATPC does not depend on temperature over the range investigated here. This result may be reasonable for such rigid ring polymers. In contrast, the radii of PS depend on temperature to a significant degree, while the second virial coefficient is mostly temperature-independent. The resulting characteristic ratio C  for PS in toluene decreases monotonically with increasing temperature, as predicted both by the rotational isomeric state (RIS) and by (helical) wormlike chain models. However, C  in 2-butanone exhibits a minimum approximately 10 C and increases with increasing temperature, suggesting that the RIS energy parameters should be affected by the intermolecular interactions between the polymer and solvent.
INTRODUCTION
The unperturbed dimensions of polymers in solution are discussed in terms of the rotational isomeric state (RIS) model 1 and/or the (helical) wormlike chain model. [2] [3] [4] Both models predict that the unperturbed dimensions depend on temperature. The chain dimensions were observed to depend on temperature for some flexible polymers, e.g., polystyrene (PS), 5, 6 poly(-methylstyrene), 6, 7 1,4-polybutadiene 7 and syndiotactic poly(methylmethacrylate) 8 from near room temperature to ~60 C. Other than this temperature range, Hong et al. 9 measured light scattering for PS up to 140 C to investigate excluded volume effects. Furthermore, the intrinsic viscosities of poly(n-hexylisocyanate), 10 polydialkylsilanes, 11, 12 polyfluorene 13 and cellulose tris(phenylcarbamate) 14 were also determined at various temperatures to determine the variation in chain stiffness with temperature, which is directly related to the unperturbed chain dimensions, but −27C was the lowest temperature studied here. Although this temperature is still much higher than the melting points for some major organic solvents, that is, ~ −100 C, several scattering experiments have been conducted at lower temperatures such as PS in carbon disulfide [15] [16] [17] and cellulose triacetate in methyl acetate 18 to investigate gel formation. Determining the polymer dimensions in solution over a wider range of temperature between the melting and boiling points should be helpful in understanding the temperature-dependent conformation of polymer chains in more detail.
However, conventional static light scattering methods cannot be used at low temperatures due to water condensation because most light scattering instruments have large thermostated baths with refractive index matching media, such as toluene, xylene and specific silicone oils, to avoid stray light. A thin capillary tube can be used for small-angle X-ray scattering 19 because the refractive indices of quartz and organic solvents are substantially close to unity.
Therefore, we performed synchrotron radiation small-angle X-ray scattering (SAXS) measurements of PS in toluene and in 2-butanone (MEK) at temperatures between −77 C and 70 C to investigate the temperature coefficient of unperturbed chain dimensions. The recently investigated cyclic amylose tris(phenylcarbamate) (cATPC) 20 which behaves as rigid ring in solution was also measured in tetrahydrofuran (THF) to test the apparatus. As mentioned in our recent paper, cATPC50K has substantially the same <S 2 > z as the rigid ring limit. 20 Thus, the dimensional properties of cATPC50K should not exhibit any temperature dependence in THF.
Note that all three systems are good solvents near room temperature. 6, 20, 21 
MATERIALS AND METHODS

Samples and solvents
The two previously investigated linear PS samples PS22K and PS39K were used in this study. 22 These samples were synthesized as precursors of the 4-arm star PS samples 4S22 and 4S39 by living anionic polymerization. The weight-average molar masses M w were determined by static light scattering in benzene at 25 C to be 2.18  10 4 and 3.88  10 4 for PS22K and PS39K, respectively, and the ratio of M w to the number-average molar mass M n was determined by size exclusion chromatography to be 1.02 for both samples. 22 A cyclic amylose tris(phenylcarbamate) sample, cATPC50K, 20 with an M w of 4.73  10 4 was also used in this study. The three organic solvents, toluene, MEK and THF, were purified by fractional distillation over CaH 2 .
Small-angle X-ray scattering (SAXS) measurements
SAXS measurements at low temperatures between −80 C and 40 C were made at the BL40B2 beamline in SPring-8 (Hyogo, Japan) with a specially designed 2 mm capillary cell ( Figure 1 ) with a thermostated nitrogen jet (Cryojet, Oxford Instruments, Abingdon, Oxon, UK). The flow rate of N 2 gas was set to be 8000 mL/min for the sample flow and 6000 mL/min for the shield flow. The distance between the capillary cell and the head of the Cryojet was set to ~4 mm. The wavelength, camera length and accumulation time were chosen as 0.1 nm, 4000 mm and 120 s, respectively. The temperature of the N 2 gas at the capillary was substantially the same as the set temperature above −50 C, but it was approximately 3 C higher at −80 C. Thus, we consider the temperature in the cell to be −77 C when the temperature was set to −80 C. We were not able to directly determine the temperature in the scattering volume, but the temperature should be substantially close to the almost the same as shown in Figure 5 , indicating highly similar chain conformations at the two temperatures. Conversely, the <S 2 > z are systematically larger in toluene than in MEK. This difference is likely due to the intramolecular excluded-volume effect because the A 2 in toluene is significantly larger than that in MEK. 27 Indeed, the current A 2 data for the two PS samples in toluene are approximately three times larger than those in MEK (see Figure 4b ). Note that these nm −1 g mol −1 for PS, 35  −1 can be estimated using the least-squares method at each temperature, and then C  can be estimated by
represents the molar mass of the monomer, leading to the assumption that M L does not result in a significant error of C  . In actuality, if we assume a 10% larger (or smaller) M L , the resulting C  is at most 1 % larger (or smaller) than the original value. The helical wormlike chain 3 is a better model for PS, 36 but the differences between these two models may be negligible for the resulting C  determined from the current data because this difference is greater at a lower range of molar mass. Indeed, the 6<S 2 > 0 /nb 2 values for PS22K and PS39K are close to the obtained C  , that is, they are only ~5% and ~3% smaller than the C  values, respectively. Furthermore, P(q) calculated in terms of the touched-bead wormlike chain 37, 38 model reproduces the experimental data in MEK almost quantitatively, as shown in Figure 5 , in which the following parameters were used: M L = 390 nm −1 g mol −1 ,  −1 = 1.9 nm, and d B = 1.5 nm. The latter two parameters can be obtained from the curve fitting procedure assuming that M L = 390 nm −1 g mol −1 . The obtained value of  −1 may be overestimated (~6%) due to the intramolecular excluded-volume effect, and indeed C  is calculated to be 10.7 based on these parameters.
The resulting C  data are plotted against temperature in Figure 4c , and the experimental results are summarized in Table 2 . These values are fairly close to those in  solvents, i.e., 10.6 in cyclohexane and 10.1 in trans-decalin calculated from <S 2 > z vs M w relationships for high molar mass PS. [39] [40] [41] [42] The slightly smaller C  values in toluene and MEK might be due to the narrower polydispersity of the current PS samples compared with those in the literature.
The data points in toluene monotonically decrease with increasing temperature, and the obtained slope of d lnC  /dT = −1.0  10 −3 K −1 is slightly larger than that estimated by Osa et al. 6 (dashed line in Figure 4c , d lnC  /dT = −1.7  10 −3 K −1 ) in the same solvent system, and substantially the same as those determined in multiple  solvents by Mays et al. 5 In the framework of the wormlike chain model,  −1 can be defined as the ratio of the bending force constant of the wormlike chain to k B T, where k B is the Boltzmann constant.
Therefore, d lnC  /dT is written as
Thus, d lnC  /dT is calculated to be −3.66  10 −3 K −1 at 0 C. This is on the same order as the experimentally determined value. In terms of the helical wormlike chain model, a similar value was obtained at 300 K, that is, d lnC  /dT = −3.21  10 −3 K −1 . 6 In contrast, C  in MEK exhibits a minimum around 10 C, suggesting that (helical) wormlike or RIS parameters should depend on the temperature, at least in MEK. According to Munk et al., 43 specific interactions between the phenyl ring of PS and the carbonyl group of ethyl acetate reduces the chain dimensions of PS. Furthermore, Mays et al. 5 reported that the C  in chloroalkanes and diesters are unmistakably smaller than those in cyclohexanes at the same temperature.
The positive d lnC  /dT is thus most likely because the solvation state of PS in MEK depends significantly on temperature in the high temperature range. However, d lnC  /dT in the lower temperature range becomes similar to that for PS in toluene, most likely because this temperature-dependent solvation behavior is not significant at lower temperatures. 
CONCLUSIONS
In this study, we successfully obtained the radii of gyration for cATPC and polystyrene (PS) over a wide range of temperature from −77 C to 70 C. While the radii of gyration for a rigid ring polymer (cATPC) do not change significantly, those for PS in toluene increase monotonically as the temperature is decreased, and furthermore, the temperature coefficient dlnC  /dT of PS in MEK changes from negative to positive as temperature is increased. This change is most likely due to temperature-dependent polymer-solvent interactions.
